ABSTRACT
INTRODUCTION
The maize mapping project (MMP) aims to develop an integrated physical and genetic map of maize. This resource will be useful for marker-assisted selection, map-based cloning, and comparative genomics of crops, and will undergird sequencing of the maize genome (Cone et al., 2002) . To achieve this goal, the MMP has utilized and developed DNA markers * To whom correspondence should be addressed.
including 1023 restriction fragment length polymorphisms (RFLPs), 957 simple sequence repeats (SSRs), 10 000 overgos, 189 single nucleotide polymorphisms (SNPs), and 177 insertion/deletion (InDel) polymorphisms (Davis et al., 1999; Sharopova et al., 2002) . These markers have been used to develop a high-resolution genetic map used as the framework to anchor bacterial artificial chromosome (BAC) contigs. This process requires high-throughput sequencing, and high-throughput SNP/InDel genotyping. The amount of data produced is enormous. The Missouri component of the MMP team is divided into different laboratories dispersed throughout the campus, simultaneously using and producing different parts of the same core data. The genetic mapping populations involve different subsets of individuals with their respective molecular marker data to be stored, managed, and integrated into the maps. Optimal use of these data requires effective methods of analysis and management. Furthermore, the data produced in the MMP must be disseminated to the scientific community through informatics tools capable of handling the high volume of data.
The requirements for laboratory databases vary considerably from project to project. At present, many laboratories use spreadsheets to manage their data. In this paper, we present the MMP laboratory information management system (MMP-LIMS) that we have developed to provide several functions: (1) allow data management with detailed record keeping, reporting, and retrieving; (2) ensure data quality and accessibility to the scientific community and (3) disseminate the integrated map of maize to the scientific community through web-based tools. This research is an example of application of informatics to practical biology and agronomy questions. An overview of the MMP-LIMS components and their functions is shown in Table 1 . (Soderlund et al., 2000) assembly Displays anchors based on a set of data filters that remove ambiguous assignments cMap Displays comparative associations between two genetic maps Gives the user text lists of the shared loci between the compared maps
SYSTEMS AND METHODS
Several technologies were employed during the development of MMP-LIMS. The programming languages used in both the user interface for the local wet lab researchers and the remote researchers reflect an interest in creating a highly modular system and in providing each user with an efficient and intuitive user interface. The user interface for the local wet lab researchers was implemented as a Visual Basic ® 6.0 client application. This also provides not only efficient performance for the user, but also a well-structured environment for development. The system's client-server architecture permits many users concurrent access to a central database. Object Database Connectivity (ODBC) provides interoperability, connects the client application to the database, and allows interaction with MaizeDB (MaizeDB, 2003, http://www.agron.missouri.edu/) through proxy tables.
The web-based user interface for remote researchers utilizes HTML for the static content. Java™ applets are used for the other functions and give the user a more interactive and straightforward interface than those attainable with HTML forms. Java™ servlets and Java Database Connectivity (JDBC™) transfer data to and from the database.
The sequence analysis modules of MMP-LIMS were implemented in Perl and make use of other publicly available programs including Primer3 (Rozen and Skaletsky, 2000) , BLAST (Altschul et al., 1990) , phred , phrap , and clustalw (Thompson et al., 1994) . The web-based sequence comparison module utilizes Perl (CGI/DBI) along with XML/XSLT and the BLAST program.
The web-based integrated genetic and physical map display application and the comparative mapping viewer were adapted from software used in the Rice Genome Project (Rice Genome Research Program, 2002, http://rgp.dna.affrc.go.jp/) . Originally utilizing data stored via flat files, the code for the integrated map viewer was converted to allow data retrieval from the database via servlet communication. The user interface employs a combination of a Java™ applet and Perl CGI (Cone et al., 2002) . The MMP-LIMS data are stored in a Sybase ® Adaptive Server Enterprise 11.9.2 relational database. The database resides on a Dell Precision 330 running Redhat 7.3 with a 2.4.18-5 kernel. An additional standalone version of MMP-LIMS exists with the same functionality and was designed to work with a Microsoft ® Access database.
IMPLEMENTATION
MMP-LIMS provides data management for the processes involved in generating a high-resolution genetic map including managing SNP/InDel data, managing SSR and RFLP data, generating the genetic map, and providing public views of the data. The modules comprising MMP-LIMS can be viewed as elements of a system context diagram (Fig. 1) . The modules include the MMP-LIMS Scoring Tool (Fig. 2) , the Community IBM Map Data Entry Tool (CIMDE), SSR Finder, SNP Discovery Primer Design, SNP/InDel Finder, the Mapped Sequence Locator (MSL), the integrated genetic and physical map viewer (iMap), and the comparative mapping viewer (cMap).
Managing SNP/InDel information
MMP-LIMS manages data from each step in the process of placing SNPs/InDels on the genetic map, from finding potential SNPs/InDels with the SNP/InDel pipeline to managing the genotype score data with MMP-LIMS Scoring Tool and generating files for MapMaker (Lander et al., 1987) software.
The SNP/InDel pipeline works in two steps (Fig. 3A) . First, SNP primers are designed with the SNP Discovery Primer Design module. Then the resulting primers are used to process sequences in order to find SNPs and/or InDels via SNP/InDel Finder. The first step in SNP discovery is to sequence a region of DNA across multiple lines of maize to detect nucleotide polymorphisms. The DNA segments for sequencing are amplified using primer pairs designed with the SNP Discovery Primer Design module.
DNA sequence is entered into the module, along with parameters including distance between primer pairs and region of the sequence to search for primer pairs. Using the given parameters, this script builds an input file for Primer3. The resulting primers are returned from Primer3, and the SNP Discovery Primer Design module checks for repeats in the primer sequence and rejects those with repeats. The script can also be set to perform a BLAST search with the primers against all previously designed primers. The output of the script is a list of unique SNP discovery primers.
The primers from the SNP Discovery Primer Design module are used to amplify and sequence DNA in 12 different lines of maize. Base calling of the resulting forward and reverse sequencing trace files is performed by phred. Forward and reverse output sequence is trimmed based on the primers and quality scores and each sequence is stored in a single file. The quality scores are stored in a separate file. Sequence assembly is then performed by phrap. Next, a script combines the sequences into 12-sequence groups with each group corresponding to a single SNP discovery (dSNP) primer pair. The clustalw program then aligns the sequences for each primer pair and sends the output into the SNP/InDel Finder script to calculate base frequencies at each position in an alignment. If 12 out of 12 sequences contain the same base at a position, then no SNP is present. If one sequence is different at a position than the other 11 (1 : 11), then the possibility of a SNP is questionable. Candidate SNPs are defined by positions where at least two sequences are different from the other 10 (2 : 10) or better-(3 : 9), (4 : 8), (5 : 7) or (6 : 6). SNP/InDel Finder also looks for gaps in the alignment representing insertions/deletions (InDels). These polymorphisms can then be used for genotype analysis by the wet lab group. To manage SNP data, the MMP-LIMS Scoring Tool enables wet lab researchers in several different laboratories to perform genotype scoring and manage genotyping data. While the IBM mapping population has 360 individuals, the tool can handle a virtually unlimited number of individuals. MMP-LIMS uses catalogs to manage and maintain data related to these fields (Fig. 2) . For example, through an interface for the catalogs, the user can add, edit or delete SNP or InDel primers. The system validates the information and checks the integrity of the data among the other tables. When deleting from the catalog, the system checks the database tables for consistency. In particular, if a primer is already in use in a record, then a user cannot delete that primer from MMP-LIMS. Only the master user has the ability to perform this type of 'cascading' delete, deleting all references to that primer.
The templates catalog allows the user to create a subset of a population's samples for use in specific experiments. The user can create a samples template, and then link the appropriate samples to the template.
The MMP-LIMS Scoring Tool provides interfaces to convert ABI Prism ® Genotyper ® (Applied Biosystems, 2003, http://www.appliedbiosystems.com/products/) files into segregation files and to import them to MMP-LIMS database. To convert ABI Genotyper ® files, the MMP-LIMS provides a color template where users enter values of the base pair peaks generated in the ABI sequencer for the two parental lines used in the IBM population (B73/Mo17). Then MMP-LIMS receives the ABI Genotyper ® file, which contains the allele information for the SNP experiment, and based on the color template, processes the information and converts it into a segregation file. The segregation data, consisting of a list of scores for each SNP marker, are stored in the MMP-LIMS database.
The MMP-LIMS Scoring Tool also functions as a laboratory notebook for wet lab researchers. Users may store information about specific experimental conditions including gel composition and the primer sequences used. The notebook also stores data related to setup, such as microtiter plate layout.
The MMP-LIMS Scoring Tool also offers a web-based query-by-example interface that allows users to create their own queries based on markers, samples, probes or enzymes for exporting information from the LIMS database into a standard Microsoft ® Excel spreadsheet for analysis.
In addition, a standalone version of the MMP-LIMS Scoring Tool is available that works with an Access database. The standalone version includes an example database populated with maize data.
Several security features protect the data in MMP-LIMS database accessed via MMP-LIMS Scoring Tool. To use the MMP-LIMS Scoring Tool, the user is required to have a valid user account and password. The different types of MMP-LIMS Scoring Tool user accounts provide various levels of system protection. For example, the administrator is able to add new users and grant permissions to users for particular system functions while, by default, new users can only view the information and enter genotype scores.
The MMP-LIMS system takes advantage of a relational database management system (RDBMS) for information storage and retrieval. The RDBMS provides several important functions including inserting, deleting, updating, retrieval, managing concurrent requests, and handling transaction issues such as rollback. The main MMP-LIMS database is composed of more than 50 tables that record primer, locus, enzymes, probes, samples, templates, users, passwords, notebooks and score information for the daily processes in the lab. The physical data model can be found on the MMP website (Maize Mapping Project, 2003, http://www.maizemap.org). The model design is based on the third normal form approach (Date, 2002) . The MMP-LIMS database dedicates a large portion of its tables to the MMP-LIMS Scoring Tool because of the high level of functionality that this module provides.
Managing SSR and RFLP data
In addition to managing SNP/InDel data, MMP-LIMS handles data generated to place SSR and RFLP markers on the genetic map. The tools enable the researcher to locate potential SSRs and manage the genotype score data, and encourage collaboration by providing resources for researchers in remote locations to enter genotype scores.
The SSR Finder tool serves three major purposes (Fig. 3B) . First, SSR Finder locates SSRs in DNA sequences. Second, the program designs primer pairs to amplify the SSRcontaining sequence regions. Finally, SSR Finder checks these primer pairs for uniqueness, removing any redundant primers.
First, the sequence of interest is entered into the SSR Repeat Finder module. SSR Repeat Finder returns a list of repeats (SSRs) and the flanking (surrounding) sequence, which is then sent as input into SSR Primer Designer. This module builds the input file for Primer3 for each SSR, with user-defined parameters for primer length, T m , G/C content, and distance between forward and reverse primers. The list of potential primers and associated data from Primer3 is sent to the SSR Primer Rep module, which runs the SSR Repeat Finder module against the potential primer pairs and removes primer pairs that contain a simple sequence repeat within the primer sequence. The SSR Primer BLAST script takes the remaining primers and their associated data, and uses the SSR sequence plus the flanking sequence and performs a BLAST search against all the primer pairs previously discovered in the project. It also adds each new SSR to the Primer DBlast database after it is checked. The program formatdb is run to regenerate the Primer DBlast database. Next, the SSR Primer BLAST module returns the BLAST scores for the primers. Based on these scores, the Order Filter script creates a list of primers with no BLAST hits and sends the list to Order Formatter. Finally, Order Formatter returns a formatted list along with ordering information.
The MMP-LIMS Scoring Tool discussed previously is also used effectively for managing SSR and RFLP genotype score data. Individuals in the lab can perform the scoring in two steps. First, one user analyzes the gel images or autoradiographs, entering the score for each sample in a population or template. Next, a second user verifies the scores by independently entering each score again in the row underneath the original entered scores. Because the letters representing the scores are color-coded, it is easy for the second individual to see that the scores match the original scores. The system can also automatically check for mismatched scores and allow the user to move from one cell containing a mismatched score to the next to verify the data.
The CIMDE is a subsystem of the MMP-LIMS system developed to allow members of the maize community to remotely enter genotype scores into MMP-LIMS for a subset of 94 individual lines from the intermated B73xMo17 (IBM) (Davis et al., 2001 ) mapping population.
The system is composed of two main components designed to allow flexibility in the way researchers submit and edit their scores, while providing an intuitive and easy-to-use interface. First, the file upload function allows the user to quickly populate the database with a batch of probes and their associated genotype scores by uploading a tab-delimited text file via a web-based form. The second component consists of an in-browser application that gives remote researchers the opportunity to submit scores manually, edit scores previously submitted, or delete scores. CIMDE is used primarily for SSR data, but also allows the researcher to enter SNP and RFLP information.
MMP-LIMS creates a MapMaker file from the scores submitted by the user via CIMDE. The PostScript™ version of the map built by MapMaker is converted to a tabular format by MMP-LIMS. Both the PostScript™ file and the table are then e-mailed to the user.
Both components of CIMDE perform extensive validation of the data based on the type of probe before addition to the database is permitted. During a submission using the file upload function, CIMDE checks the validity and the number of scores for each record. If scores for an RFLP probe are being processed, the system performs an additional check to ensure that a restriction enzyme name is given for each probe. Because each probe name needs to be unique, the system checks that the probe name does not already exist in the database under any user's account. An insertion or update of records that causes the duplication of marker names is not permitted by the system, and if attempted, the system displays a list containing each duplicate record. The manual data-editing tool also validates probe data. The table in the graphical user interface will not allow the user to insert invalid score values into its cells, while valid scores are color-coded for ease of recognition. This validation and color-coding varies based on the type of probe being edited.
In order to guard user data and MMP-LIMS data, CIMDE is equipped with protection features. To ensure that each user only has access to his or her data, each user must create a username and password and register an individual account with the system. The user must also make a one-time submission of a set of control scores to be validated by the system. If the user's control scores are correct, it means that the researcher has performed the experiments correctly and that the genotype scores that he or she is submitting are accepted as valid scores. Once the user has logged in and has submitted valid control scores, he or she can access both the file upload and manual data editing functions of the application. Control scores do not have to be submitted upon subsequent use of CIMDE.
Production of the genetic map
Genetic map generation requires both converting genotype scores from a set of samples into a format readable by MapMaker and interpreting the results returned by the software. MMP-LIMS Scoring Tool creates input files for MapMaker by retrieving data from MMP-LIMS database. Users can create files using all of the mapping data or they can generate a file for a subset of the data by creating a group and selecting the markers and samples of interest. The MMP-LIMS Scoring Tool then automatically creates the MapMaker input file. Data from remote researchers can also be used in the creation of the file. When needed, the system can convert scores. For example, for recombinant inbred populations, the score 'H' is converted to '−', while for F 2 populations, the 'H' score remains unchanged in the MapMaker input file.
Output from MapMaker is also managed by the MMP-LIMS Scoring Tool. The MMP-LIMS Scoring Tool extracts genetic map information such as chromosome, map coordinate, framework versus off-frame status for each probe from the PostScript™ file returned by the MapMaker software and results are stored in the MMP-LIMS database.
Public views of MMP data
It is imperative that the data produced by the MMP be easily viewable by the public. MMP-LIMS provides several displays of the mapping data, including the MSL, iMap, and cMap.
The MSL provides a web-based interface to accept input sequence and perform a BLAST search against all public maize sequences, including the DuPont-MMP Cornsensus (Maize Mapping Project, 2002 , http://www.agron.missouri. edu/files_dl/MMP/Cornsensus/) unigene set. It returns the BLAST scores, the map location, and links to related sequences if available. The user enters the nucleotide sequence via the Common Gateway Interface (CGI) WWW form along with the name of the sequence and BLAST parameters.
The CGI then performs a BLAST against a database containing >300 000 Zea mays sequences from GenBank, and >10 000 sequences from the Cornsensus Unigene set. The BLAST results are returned in XML format and converted by the CGI via XSLT. The CGI retrieves the accession numbers of related sequences from MaizeDB, and creates an HTML The integrated genetic and physical map visualization tool of MMP-LIMS, iMap (Cone et al., 2002) , allows researchers to access data related to loci on the genetic map along with their associated contigs on the physical map. The graphical interface displays the positions of the loci and contigs on the genetic map and physical map, respectively. Searches may be conducted based on the locus, probe, GenBank accession number, or contig number.
The cMap (Fang et al., 2003) function of MMP-LIMS permits the user to select and compare two genetic maps at a time with dynamic links to data resources and text lists of the shared loci between the compared maps. Searches can be conducted based on locus, probe, or GenBank accession number.
DISCUSSION
The MMP-LIMS was designed to meet the challenges of a high-throughput mapping project. Currently, MMP-LIMS is being used at the Maize Mapping Project at the University of Missouri-Columbia. The system has been used to enter and verify 957 SSR markers, 1023 RFLP markers, 189 SNPs, and 177 InDels. MMP-LIMS is used primarily for the maize IBM mapping population consisting of 360 samples.
MMP-LIMS has also been used for managing 590 SSRs of the IF2 population with 56 samples and 359 SSRs of the C6 population with 93 samples. The two other populations were used to map SSRs that are monomorphic in the IBM population. The SSR loci from these two populations are integrated within an enhanced version of the IBM map called the IBM Neighbors map by interpolating the location of the marker loci with loci shared between the IBM map and the other maps (Cone et al., 2002) .
Users performing research on a species other than maize can customize the functions of the MMP-LIMS system by adding populations, samples, and markers specific to the species of interest. For example, members of the Soybean Genomics Consortium (Soybean Genomics Consortium, 2003, http://www.soybeangenome.org) have requested MMP-LIMS for customization as the system to manage the data produced in the generation of a genetic map for the soybean genome.
A variety of LIMS systems (Table 2) , including the LabBase (Goodman et al., 1998) (Applied Biosystems, 2003) are currently available. However, these software packages do not provide the same set of features as MMP-LIMS. Several of the software packages provide only generic interfaces that must be customized before storing lab data. In addition, these systems do not provide a method for validating and verifying genotyping scores or for using different types of markers to generate an output file for a standard mapping tool such as MapMaker. Only some of the systems provide the user with an interface to data from ABI DNA sequencers. While some systems are entirely web-based, few of the systems provide a combination of both client/server lab software in addition to web-based data query and visualization tools to accommodate both local and remote users. In addition, the incorporation of sequence analysis tools for SSR and SNP/InDel experiments is not found in the other packages. Most of the systems were not designed to specifically handle different types of genetic markers such as SSRs, RFLPs and SNP/InDels. MMP-LIMS is a complete system and the software is freely available to the public. The system includes several levels of security, a genotype scoring tool, a data entry tool for remote researchers to submit data, scripts for designing SSR primers and for locating potential SNP/InDels, a system for finding sequences that are similar to a query sequence along with related database links, and viewers for both an integrated genetic/physical map and for comparison of genetic maps. Freely available to public y y n n n n y n n Interface customized for genetic map data y n n y n/l n/l n n y
Validation and verification of genotype scores y n n n/l n/l n/l n/l n/l y Generation of mapMaker input file with multiple marker types y n n n/l n/l n/l n/l n/l n/l Different security levels y n/l n/l n/l n/l n/l n/l n/l n/l Interface to data from ABI DNA sequencers y n y n/l n/l n/l y y y
Combination of both client/server lab software and web-based data query and visualization tools y n n n/l y y y y n/l Incorporation of sequence analysis tools for SSR and SNP/InDel experiments y n y n/l n/l n/l n/l n/l n/l
Handling a variety of genetic marker data (i.e. SSRs, RFLPs, SNPs/InDels) y n n n/l n/l n/l y y y y, provided; n, not provided however, neither USDA nor the University of Missouri guarantees nor warrants the standard of the product, and the use of the name implies no approval of the product to the exclusion of others that may also be suitable. This research was supported by the National Science Foundation (DBI 9872655).
